Studies in the Cavendish Laboratory over the years have demonstrated the poor erosion resistance of most infrared (IR) transparent materials. A number of methods for increasing this erosion resistance have been investigated by various laboratories and these are assessed in the following study. These techniques include producing high-quality surface finishes, generating surface compressions and the application of coatings. The results emphasize that considerable care and effort is needed to produce even minor improvements in the liquid impact damage threshold velocity (DTV). The magnitude and time-scale of the impact stresses dictate that significant reductions in crack size are required to cause a significant improvement in DTV. The effectiveness of the coatings can be reduced by poor adhesion and tensile residual stresses weakening the substrate material. The recent development of chemical vapour deposited diamond (CVDD) as an erosion resistant infrared transparent material is also discussed.
Introduction
An area of particular concern in the field of high-velocity flight is the erosion of infrared transparent domes and windows on both military and civil aircraft. There has been a considerable research effort to improve or replace the materials currently in use which are weak and prone to catastrophic failure when eroded. The following study of the erosion response of a range of brittle materials and the attempts to improve that response, concentrates on this field, although it yields results that have direct relevance to other materials in different areas of application.
The natural infrared absorption of atmospheric water means that there are two useful 'windows' through which infrared radiation can be detected (Savage 1985) . The 3-5 µm waveband allows relatively high temperature objects to be thermally visualized. Materials that transmit in this waveband, which are in use today, include magnesium fluoride, silicon, spinel (MgAl 2 O 4 ) and sapphire. Room temperature objects emit predominantly in the 8-12 µm waveband. The materials currently used for these applications include zinc sulphide and germanium.
These materials may be exposed to rain, sand, hail and dust at velocities of up to Mach 2 when carried on an aircraft and at Mach 4 and beyond when mounted on a launched missile. These conditions are clearly very severe and it is essential that even Savage 1985 , Harris 1992 , Klocek 1991 , Pickles 1991 if a material cannot be found which can survive this environment then the extent of damage that a component is likely to suffer must be evaluated and minimized. The mechanical properties of the materials of interest are summarized in table 1.
Liquid impact and its laboratory simulation
Liquid impact consists of two main stages; initially, the liquid behaves in a compressible manner generating the so-called 'water-hammer' pressures. These high pressures are responsible for most of the damage resulting from liquid impact and are maintained while the edge of the contact area between the impacting liquid and the solid moves supersonically with respect to the shock speed in the liquid (Bowden & Field 1964; Heymann 1969; Lesser 1981; Lesser & Field 1983) . Figure 1 illustrates the situation a short time after impact.
As pointed out by Lesser (1981) , it is possible to use Huygen's construction to find the shape of the shock envelope. The pressure on the central axis is given by
where V is the impact velocity and ρ 1 , ρ 2 and C 1 , C 2 are the densities and the shock velocities of the liquid and the solid, repectively. For impact on a rigid target, the pressure is
2) frequently referred to as the 'water-hammer' pressure (Cook 1928) .
The pressures at the contact periphery are somewhat higher and reach approximately 3ρ 1 C 1 V at the instant the shock envelope overtakes the contact periphery and starts to move up the free surface of the drop (Lesser 1981) . Due to the very short duration of this pulse, a few ns, this is usually ignored.
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Water drop Target β Figure 1 . Initial stage of impact between a water drop and a solid target with the contact edge moving faster than the shock velocity in the liquid (i.e. supersonically). The shock envelope is made up of many wavelets which can be found from a Huygens-type construction. The liquid behind the envelope is compressed and the target beneath this area subjected to high pressure.
The high pressures are generated over a radius of contact given by
where r is the radius of curvature of the drop (liquid mass) in the region of contact. Pressure release commences after a time of
The release waves reach the central axis and terminate the high-pressure stage after a time τ = 3rV 2C
2 1 (2.5)
Once incompressible stream line flow is established, the pressure on the central axis falls to the much lower Bernoulli stagnation pressure
In calculating the pressures for high-velocity liquid impact, it is essential to use the appropriate shock velocity. This is related to the acoustic velocity, C 0 (ca. 1500 m s −1 for water) by
where k is a constant which has a value close to 2 for water in the velocity range for V up to 1000 m s −1 (Heymann 1969 ). The simulation of drop impact by jet impact relies on reproducing the local liquidsolid geometry for the all-important compressible stage of collision. The incompressible flow stages with the jet and drop will be different but at this stage the pressures are much lower. For example, the ratio of P c /P i for velocities, V = 50, 100, and 500 m s −1 are 64, 34 and 10, respectively. Photographic evidence for the initial shock structures and the onset of jetting have been obtained for impact with drops (Dear & Field 1988; Field et al. 1989a, b) and liquid wedges (Field et al. 1985) . Pressure measurements have been made by Rochester & Brunton (1979) . 
Experimental (a ) Rain erosion simulation
The apparatus used to simulate rain erosion in our studies is the multiple impact jet apparatus (MIJA) (see figure 2). For a full description see Seward et al. (1992 Seward et al. ( , 1994 Seward 1992) . This apparatus uses a two-stage pressure reservoir to accelerate a nylon piston onto a titanium shaft positioned in the rear of a water-filled nozzle. The shaft's rapid insertion into the nozzle forces a high-velocity water jet from the exit orifice onto the sample which is sitting on a computer-controlled x-y stage. This arrangement allows the entire impacting process to be automated via an interface with a personal computer. The jet velocity is measured by a series of light beams between optical fibres and continually monitored by the computer. MIJA can produce a jet every five seconds with velocities in the range 30-600 m s −1 with a spread in velocities of less than 1%. Any chosen damage array is achieved by having the sample on the computer-controlled stage which has a positional accuracy of 10 µm.
The damage caused by these water jets was evaluated and compared to that resulting from impacts with spherical water drops by Hand et al. (1991) . These data showed that the diameter of water drop which gave the same damage pattern as a particular diameter water jet depended on the impact velocity. This is because the front of the jet is not a true hemisphere, but slightly flattened, which means that at low velocities the jet gives the damage observed from a large water drop and as the velocity increases the equivalent drop diameter decreases (see figure 3) . The material's rain erosion resistance is characterized by determining its absolute damage threshold velocity (ADTV). This is the velocity below which, for a given water drop size, the sample will never experience any damage regardless of the number of impacts to which it is exposed. Because of the high accuracy of the MIJA jet velocity and positioning, this parameter can be simply obtained from a single sample. The sample (typically a 25 mm diameter disc) has up to 15 sites positioned over its surface, each one allocated an impact velocity and sufficiently separated from adjacent sites so that there is no interaction. Each site is initially impacted once at that velocity and inspected for damage under a microscope at ×100 magnification. The lowest velocity at which damage is observed after a single impact is recorded as DTV (1 impact) (the damage threshold velocity after 1 impact) and the sample returned to MIJA so that each site can be impacted again. This process is repeated until a full curve of DTV against number of impacts is obtained. A threshold curve for zinc sulphide is given in figure 4 and shows that the curve tends to flatten out after, typically, 50 impacts. The intercept on the velocity axis after 300 impacts (i.e. DTV (300 impacts)) is therefore very close to the ADTV of the material. The ADTV decreases as the impacting drop or jet diameter increases, this is related to the number and size of flaws which can be sampled and is discussed later. The values quoted in the following work are all for a 0.8 mm diameter jet. A more detailed description of the threshold velocity evaluation procedure can be found in Seward et al. (1994) and Seward (1992) .
The damage pattern observed under liquid impact for brittle materials is typically a series of discrete circumferential fractures around the undamaged central loaded zone. The fractures are caused by the Rayleigh surface wave emanating from the impact area (Bowden & Field 1964) . The pressure pulses produced by liquid impact are intense because of the compressible behaviour of the liquid in the first stages of impact (see § 2). An example of damage produced in a brittle material by liquid impact is given in figure 5 . In some material, repeated impact produces local failure on or near the impact axis. Bowden & Brunton (1961) found this with polymethylmethacrylate (PMMA). In this case, the damage was located beneath the surface at a depth of about half the radius of the contact region, R. This is where the Hertz theory for elastic contact would predict the maximum in shear stresses (see, for example, Johnson 1985) , and Bowden and Brunton suggested this as an explanation. However, for such a stress wave dominated loading this is unlikely to be the full explanation. Recent experiments by Obara et al. (1995) show that the subsurface axial cracks in PMMA form when the release waves from the contact periphary interact giving a net tension.
Interestingly, the release waves will also travel in the liquid giving cavitation when they cross. This has been suggested theoretically by Field et al. (1985) and there is experimental evidence (Brunton & Camus 1970; Bourne et al. 1996) . The nuclei for such cavities could be the air trapped at the interface during impact. When the cavities themselves collapse they could give peaks of pressure which damage the surface.
A third mechanism for damage at or near the central axis is by the action of compressive or shear loading, which generates tensile failure at the boundaries between grains depending on their orientation and anisotropy. Once a pit develops, hydraulic loading by trapped liquid can develop damage as shown by Field (1966) .
Central damage is likely to be less important than the circumferential cracking in the rain erosion situation since it depends on multiple impacts on the same site. A situation which can be realized in the laboratory using MIJA but not by other techniques and only after very long exposures in the practical application.
In most of the experiments reported here, the samples were acoustically backed by arranging for the product of the density, ρ, and the shock velocity, C, to be the same for both the target and the backing material. The surfaces of the two materials need to be smooth and flat for this. A thin layer of grease allows compression waves to pass over the interface but prevents reflected tensile waves re-entering the sample. The sample then behaves effectively semi-infinitely.
In the practical situation, the component is unbacked, and it is possible that rear surface stress wave reflections could affect the threshold velocity and any impact damage. In soda-lime glass, this effect was detectable for impacts with a 0.8 mm jet diameter at velocities greater than 250 m s −1 (van der Zwaag & Field 1983a, b) . This is well above the threshold velocity for liquid impact damage in soda-lime glass which has a low acoustic attenuation coefficient.
Diamond is difficult to acoustically match because of the difficulty of finding materials of similar very high acoustic impedance, though gold is a possibility (Field 1979) . Diamond has a very high stress wave velocity and this means that with samples of less than about 1 mm thickness the pulse from the rear surface, for an impact of approximately 600 m s −1 returns to the impact area while the compressive loading phase is still operating. This implies that free-standing CVDD should have a higher threshold velocity for greater thicknesses. The effect of stress wave interactions on the onset of damage in diamond has been discussed elsewhere (Seward et al. 1994 ).
(b ) Sand erosion simulation
The apparatus used to project sand particles at high velocities consists of a sample chamber with a high efficiency, filtered vacuum system (to remove used erodent), a 2.5 m long acceleration barrel and a hopper and conveyor belt system which feeds sand into the barrel using the Venturi effect (see figure 6 ). Because of the safety hazard of fine dust particles, the entire system is built in a filtered enclosure. The apparatus can produce velocities up to ca. 250 m s −1 and flux rates of 0.05-25 kg m −2 s −1 . The accelerating gas is clean dry air and the erodent is sieved quartz sand. The typical particle size distributions used are shown in figure 7. Dust ero- sion using sand in the range 20-40 µm is currently being studied on a number of IR materials including diamond and sapphire (Telling 1996, personal communication).
The particle velocity has been measured using a number of different techniques (Andrews et al. 1983 ). The most convenient of which is a high shutter-speed video which registers the streaks caused by the passing illuminated particles. The streak length and the known shutter speed give the particle velocity.
Experiments conducted using the sand erosion rig are usually evaluated by determining the mass loss and (for this particular class of materials) the infrared transmission loss.
Currently used substrate materials
The threshold velocity curves for a range of infrared transparent materials have been obtained and the ADTVs plotted as a function of material properties. The best fit is obtained by plotting ADTV against the log of the static fracture toughness K Ic (see figure 8 ). In this graph, 0.8 mm jet ADTV data have been converted into threshold velocities for a 2 mm diameter spherical drop (using equation (7.1) and figure 3) so as to eliminate the variation in equivalent drop diameter with jet velocity from the correlation.
It is immediately clear that the threshold velocities are considerably lower than the maximum velocities at which the components will be flown, and this emphasizes the severity of the problem even with materials such as diamond and sapphire. It is also clear that currently there are materials available for the 3-5 µm applications (sapphire and spinel) that can survive impact velocities considerably higher than those that transmit in the 8-12 µm waveband (zinc sulphide and germanium). It is, therefore, the latter group that has been the focus of efforts to improve the erosion performance of infrared materials. These efforts concentrated on modifying the existing material, coating it with a protective layer and/or finding a more erosion resistant replacement. The latter efforts have centred on the use of CVDD techniques to grow a complete diamond dome or window. Diamond is optically suitable, has excellent mechanical properties and is also attractive because it is highly resistant to the thermal shock associated with rapid acceleration to high velocities (another serious problem that the missile designer must overcome (see, for instance, Klein 1992) . While the ultimate aim is that diamond be used as a free-standing dome material (see § 5), it is also being investigated as a protective coating. baseline zinc sulphide 115 ± 10 germanium carbide coating 120 ± 10 Raytheon treatment and surface finish 125 ± 10 yttria coating 130 ± 10 ion-implantation 125 ± 10 two-layer GeC coating 150 ± 20 Table 3 . The ADTVs of a range of zinc sulphide samples tested on MIJA. In most cases the number in brackets is coating thickness (The samples labelled diamond/ZnS are made from a composite material with diamond particles imbedded in hot-pressed zinc sulphide. The number preceding the 'D' indicates the percentage weight of diamond in the composite and the numbers in brackets refer to the range of diamond particle diameters in µm.)
ca. 125 ± 5 diamond-like carbon (DLC) thickness ≈ 2 µm 120 ± 10 germanium carbide (11 µm)
125 ± 5
Modification of existing materials (a ) Rain erosion (i) Early candidate techniques
An early study by Pickles (1991) , using the single impact jet apparatus (SIJA), a fore-runner of MIJA (Bowden & Brunton 1961; Field et al. 1979 Field et al. , 1983 ) investigated a number of batches of zinc sulphide which had been modified using various techniques in an attempt to improve their damage threshold velocity (see table 2). Batches were provided which had been toughened by ion-implantation, given a superior polish, and coated with several different materials. However, none of them gave ADTVs significantly higher than that of the baseline untreated zinc sulphide (ca. 115 ± 10 m s −1 ). The ADTVs from MIJA studies of a range of coatings on zinc sulphide are summarized in table 3.
As with the earlier SIJA data, it is clear that achieving a reasonable increase in ADTV by the addition of a coating or by modifying the substrate material is difficult. The three diamond composites listed in table 3 were produced at Cornell, USA Xue et al. 1990 ). The optimum material produced had 20% of 0-1 µm diamond particles incorporated in a ZnS matrix. This increased the threshold to 165 ± 5 m s −1 . The surface finish of the sample was found to be very important.
The coatings are usually deposited at high temperatures and any thermal expansion mismatch between it and the substrate will result in thermal stresses. In addition, there are intrinsic stresses in the coating which also increase with deposition temperature rate and coating thickness. In the systems of interest, these stresses are usually compressive in the coating and tensile in the substrate. These stresses will increase the coating's tendency to debond from the substrate and will effectively weaken the substrate, in some cases to the point of spontaneous fracture of the sample as it cools down to room temperature.
(ii) Boron phosphide (1) Zinc sulphide and germanium disc samples. The threshold curves for a range of boron phosphide coating thicknesses on zinc sulphide substrates together with that of the uncoated material are given in figure 9 . The coating has provided considerable protection to the substrate and there appears to be a benefit afforded by increasing the coating thickness from 11 µm up to 17 µm. Figure 10 shows a similar series of graphs, but this time with germanium as the substrate material. The inclusion of the 5 µm thick coating indicates an increase in ADTV with coating thickness (between 0 and 12 µm). It should be noted that since the evaluation of damage with MIJA is purely an optical one, there is a possibility that an opaque coating will give artificially high DTV values since it conceals the damage in the substrate from the observer. In the case of the optically translucent zinc sulphide, substrate damage can be inspected from the rear with only a small error introduced, but for an opaque material like germanium, this cannot be done. Some care must therefore be taken when determining the significance of the higher ADTV of the 13 µm BP on germanium compared to that of a similar thickness of BP on zinc sulphide. However, after a sufficiently large number of impacts, any damage in the substrate should propagate through the coating and become visible and it is believed that the 300 impacts used in the DTV experiments are sufficient for this to be the case. The difference in ADTVs between BP coated germanium and BP coated zinc sulphide is therefore a real effect. However, the increased DTV at low numbers of impacts, with increased coating thickness, on the germanium graph (figure 10), is probably due to the increase in the number of impacts required for the damage, which has initiated in the substrate, to propagate through to the coating surface where it is first observed.
The assumption that damage initiates first in the substrate is verified by inspection of the damaged impact sites on BP coated germanium which have a hexagonal symmetry indicative of the cleavage planes in the crystalline substrate.
(2) Sapphire substrates. The fact that the damage in the above study initiates in the weak substrates, means that the ADTV of the coating material itself is not being determined. Knowledge of this value would give an indication of the maximum protection that the material can provide, but it is not possible, at present, to grow bulk boron phosphide to be used in such experiments. Samples of sapphire coated with 9.8 µm of BP were obtained, however. Since sapphire has a very high ADTV, ca. 480 m s −1 , it was hoped that the coating would fail first and thus allow prediction of the maximum ADTV that could be obtained for a material with a boron phosphide coating. The experiment showed that the coating failed between 250 and 300 m s −1 . A threshold curve was then obtained on the substrate from which the coating had been removed (see figure 11 ). This graph shows that the sapphire ADTV has been greatly reduced, probably by the tensile stresses resulting from the application of the BP coating. that a coating system has to be carefully optimized to provide a significant level of rain erosion protection. It is often found that scaling up the coating from 25 mm diameter test coupons to full size domes can cause a reduction in the coating quality, or variations in thickness across the dome surface. It is thus important to also evaluate sections of a full-scale coated dome in the MIJA. The samples studied below were uncoated and boron phosphide coated zinc sulphide curved discs, 50 mm in diameter and cut from a 250 mm diameter dome with a radius of curvature of 164.3 mm and a thickness of 9 mm. The uncoated zinc sulphide gave an ADTV of 135 ± 5 m s −1 (see figure 12 ) which is slightly above the average value of 125 ± 8 m s −1 . The threshold curve for a sample with a 10.05 µm thick boron phosphide coating is given in figure 13 . The ADTV value is 200 ± 10 m s −1 which agrees well with the data in § 5 a (ii) (1). It is instructive to re-draw the curve so that it more closely follows the data points. The curve can be divided into two distinct regions. The upper (high velocity) section of the curve indicates the regime where damage is first detected in the coating only (and remains constant for different coating thicknesses), in contrast to the lower section of the curve where damage appears first in the substrate (which varies with coating thickness). It is possible that the graph represents two superimposed DTV curves; the upper curve is that of the boron phosphide, the lower that of zinc sulphide (as modified by the protection of the coating and the coating induced stresses). This interpretation would suggest that the ADTV of the boron phosphide coating itself is somewhere in the range 250-270 m s −1 , the impact velocity at which the upper curve levels off, which agrees with the estimate from the sapphire data in § 5 a (ii) (2) (250-300 m s −1 ). Five coated samples were tested in all, with thicknesses in two ranges: ca. 10 µm and ca. 15 µm. The thicker coatings were deposited using slightly different conditions to minimize the problem of the increased stress with increased coating thickness causing delamination. The dual threshold curves from the samples are summarized in figure 14 . Both the position of the knee on the curve (the point at which the transition occurs) and the ultimate ADTV are optimized for the ca. 15 µm coating. However, the ca. 10 µm coatings had less tendency to strip away from the impact at velocities above the threshold value, than the thicker coatings (due to the lower stresses). This suggests that if they are used at velocities higher than the threshold velocity, the thinner coatings may protect the underlying substrate for longer. This more detailed study explains the shape of the earlier curves in figure 9 and highlights the difference between the effect of the BP coating on zinc sulphide and on germanium; in the latter case the damage appears to initiate in the substrate at all of the velocities tested.
(iii) CVD diamond coatings
The chemical vapour deposition of diamond coatings on existing IR materials is a very challenging problem since the intrinsic growth stresses are extremely high. These stresses are usually such that the substrate is put into compression, despite the thermal expansion mismatch stresses which would act to put the substrate into tension (Nicholson & Field 1994) . These stresses can result in the delamination and fracture of the coating before impact. In addition, the high deposition temperature and the corrosive environment in the growth chamber can, especially in the case of zinc sulphide, attack the substrate on which the diamond is to be grown. These problems have been addressed by GEC Marconi by adding an interlayer to the substrate which both protects it during deposition, and spreads the thermal expansion mismatch over two interfaces rather than just the one. In some cases, the adhesion has been further increased by etching a mothseye pattern into the interlayer. A range of samples have been studied with MIJA and the results from these experiments are discussed in greater detail elsewhere (Coad et al. 1996; Seward et al. 1994) . The results are summarized in table 4. The damage observed consisted of coating stripping (in poorly adhered samples, the coating was removed from the entire substrate), coating delamination and catastrophic failure of the sample. The radius of curvature of the 25 mm diameter germanium samples is plotted against failure type first observed in figure 15 . This graph shows that the samples with the highest stress (smallest radius of curvature) tended to fail catastrophically. This catastrophic failure highlights an important factor; while the ADTV is a useful parameter to compare the different erosion resistances of materials, because of its dependence on drop diameter and because of the large spread in drop diameters in natural rain (Best 1950) it is difficult to categorically define a safe flight velocity. In most high-velocity scenarios there is a chance that the craft will encounter a water drop that will cause damage. It is therefore vital that knowledge of the material behaviour under impact at velocities above the ADTV is obtained. It is important not to improve the threshold velocity at the expense of making the material susceptible to catastrophic failure after a high-velocity impact.
(iv) Modification of the surface finish
(1) Zinc sulphide. A detailed study was conducted on MIJA investigating the effect on rain erosion resistance of processing the zinc sulphide surface using a variety of techniques. Some of the samples were supplied with a proprietary multilayer antireflection coating. The results are summarized in table 5. There is a clear difference between the good (slow processing) and poor (fast processing) quality finishing techniques and this is duplicated in both the coated and uncoated samples. It is interesting that the more time-consuming polishing process produced the lower ADTV. In all cases the addition of the coating has reduced the sample's ADTV. It is obvious, however, that the differences in the ADTV for the different processing conditions, while significant, are still small, and this emphasizes the sensitivity of the MIJA technique.
It is interesting to note that the ADTVs of over 14 samples from a wide variety of sources, with a wide variety of surface finishes gave a mean threshold velocity of 124.4 m s −1 with a standard deviation of only 6.7%. This is a very small spread considering the wide range of sample types tested and considering the large spread in material strengths that is common for brittle materials. Table 6 illustrates this point with strength data obtained from the bursting disc test on zinc sulphide from various sources ) including the standard deviations, which for the strengths are all in excess of 15% (the equivalent hemispherical flaw size has also been calculated using the fracture criterion (equation (7.2)). This apparent anomaly is addressed later.
(2) Sapphire. Two 25 mm diameter sapphire discs from 4 batches, each with a different surface preparation were obtained:
(i) conventionally polished, annealed; (ii) conventionally polished, annealed and DLC coated; (iii) conventionally polished, annealed and 'super polished'; and (iv) conventionally polished, annealed, 'super polished' and ion implanted. The results from this study are given in table 7. The ADTV appears to be independent of the surface finish, although when the complete threshold curves are inspected it is clear that the better surface finishes have increased the number of impacts required for the damage to become visible (i.e. the ADTV at low numbers of impacts is increased). It is interesting that the DLC coating (batch (ii)) has significantly reduced the ADTV of the sample as the BP coating on sapphire did in § 5 a (ii) (2). Polishing a curved surface is more difficult than polishing a flat. The surface finish of the final component should, therefore, also be evaluated. A series of sapphire dome sections (2.3 mm thick, 38 mm in diameter and with a radius of curvature of 38 mm) were supplied by Hughes Company, USA with four different surface finishes (baseline and chemical polish, both annealed and unannealed). Some of the samples were visibly of poorer quality than the flat samples, with occasional pits and scratches. The bulk of the experiments were performed away from the dome apex at an impact angle of 15
• which will increase the ADTV (Hand et al. 1991) . When the baseline polish specimens were tested at normal incidence the ADTV obtained was 437 ± 12 m s −1 which was significantly lower than the values for flat samples in table 7, although in agreement with some previous results from flat samples . The results are given in table 8 and suggest that the chemical polishing process has resulted in stresses in the sample which have to be removed by annealing for the sample to return to its full ADTV. Once these stresses have been relieved the ADTV is the same for the two different surface finishes.
(v) Toughening stresses
A study of the effects on ADTV of chemical toughening stresses in soda-lime glass samples supplied by Pilkington has shown that a considerable improvement can be obtained. The results in table 9 show a significant increase in ADTV for the toughened samples, but no clear correlation with the value of stress or its depth of penetration. It does appear, however, that since batch 4, despite having a high surface compressive stress, has a depth of penetration considerably less than the flaw size (ca. 50 µm) only a small increase in ADTV results since the flaw is extending into the tensile region. Batches 1 and 2, while having the largest increase in ADTV, when they do fail, do so catastrophically. The remaining two fail in the more usual localized, circumferential fracture typical of liquid impact. An attempt to model the effect of toughening stresses on the DTVs of glasses has been made by Hand & Field (1991) .
(b ) Sand erosion The apparatus described in § 3 b has been used to evaluate a range of infrared transparent coatings on zinc sulphide in order to determine which of them has the greatest resistance to sand erosion. The samples tested included multispectral zinc sulphide, uncoated FLIR (forward-looking IR) grade zinc sulphide samples as well as FLIR samples coated with boron phosphide (10 µm with 1 µm of diamond-like carbon (DLC), germanium nitride (9-11 µm) and thorium fluoride ( 4 µm)). The conditions used in this study were KL50 sand (particle sizes in the range 100-500 µm with a mean particle size of 240 µm) at a flux rate of 0.173 kg m −2 s −1 for up to 180 s at 3 velocities; 11, 21 and 50 m s −1 . The mass loss as a function of exposure time at 50 m s −1 can be seen in figure 16 and shows that the germanium nitride coating rapidly delaminates (the knee in the curve) and then follows the erosion rate of the uncoated substrate material. The other coatings have erosion rates similar to the uncoated zinc sulphide. This was also true at 21 m s −1 . At 11 m s −1 there was negligible mass or transmission loss to any of the samples, although damage was observed under the microscope. Literature data (Waddell & Gibson 1994a ) have suggested that boron phosphide can provide considerable protection to the substrate at velocities up to 206 m s −1 . These experiments were conducted using smaller particles (less than 74 µm at 206 m s −1 ) which will produce a stress distribution that decays more rapidly with depth. The weak substrate is thus more effectively protected. For the particle sizes used in these experiments (which are representative of sand storm conditions close to the ground) the protection offered by the BP coating is counteracted by the tensile stresses in the substrate.
Further samples of BP coated zinc sulphide as well as coated germanium were studied to determine the effects of coating thickness on sand erosion resistance. The samples were eroded using C25/52 sand (particle sizes in the range 220-500 µm with a mean particle size of 420 µm) at 0.5 kg m −2 s −1 and a velocity of 30 m s −1 . The transmission losses, as a function of coating thickness, for these two substrate materials are plotted in figures 17 and 18 and both reveal an optimum coating thickness of 15 µm. Each datum point represents an individual sample so the fact that there is a minimum in all three curves emphasizes that it is a real effect. This optimum coating thickness for the BP material is also observed in the mass loss data for the sand erosion study and was also found in the liquid impact data in § 5 a (ii) (3).
The development of CVD diamond as a replacement infrared material
CVD diamond can also be grown in bulk forms and it is hoped that instead of just coating an existing material it can be used as a complete 8-12 µm dome or 'window'. At the time of writing full domes have been manufactured (Wort et al. 1995; Harris 1995) but have yet to be fully processed or optimized in terms of mechanical and optical properties. Diamond has high fracture toughness for a brittle material and a very high hardness (see table 1) and should therefore be extremely erosion resistant. However, the fracture stress of CVD material has not approached that of natural diamond because of the stresses and flaws incorporated into a sample during the growth process (see for a review).
The erosion resistance of diamond has been discussed at length in several recent papers (see, for example, Pickles et al. 1995) but it is worth summarizing some important results here.
(1) In a direct MIJA comparison of CVD samples and natural diamond samples of the same dimensions, the CVD samples had an ADTV of ca. 70% of that of the natural material. The ADTV is reduced by the coarse microstructure of CVD diamond.
(2) In sand erosion tests at velocities of 20-60 m s −1 natural diamond resisted fracture 10-30 times longer than the CVD samples.
(3) The high stress wave velocity and high acoustic impedance of diamond means that it is particularly susceptible to stress wave reflection and interference effects (see Seward et al. 1994) . These can significantly reduce the ADTV in small or thin samples by activating secondary damage mechanisms (such as rear surface tensile failure).
It is clear that the CVD material has yet to reach the full potential of natural diamond. However, erosion data on the natural material (see, for instance, Feng & Field 1990 ) suggest that if the microstructure of polycrystalline CVD diamond can be sufficiently improved then a window with significantly better erosion properties than those of other infrared transparent materials would result.
Discussion
Since the quantitative threshold velocities described above are liquid impact data, the discussion will concentrate on the factors affecting rain erosion, rather than sand erosion, resistance.
(a ) Increasing the drop size Data obtained by Rickerby (1976) demonstrated that increasing the radius of the impacting drop decreases the threshold velocity for damage. The water hammer pressure loading of the sample (equation (2.1)) is the same for all drop sizes, so this dependence was attributed to the very short duration of these initial impact stresses. The impact duration is so short that the crack does not feel the full effects of the impact stresses (due to the finite time required for information about the impact to travel the length of the critical flaw). As the drop size increases, the duration of the impact increases and the severity of the impact also increases. This time duration dependence was quantified by Rickerby (1976) , Field et al. (1979) and Hand et al. (1991) using the damage criteria of Steverding & Lehrigk (1969) : σ 2 τ = const. When using equation (2.1) for σ and equation (2.5) for τ this gives
Increasing the area of the impact will have two additional effects. Firstly, the increased duration of the impact will increase the wavelength of the Rayleigh wave and this, in turn, increases the depth to which it penetrates (Kolsky 1953) . Since the stress intensity at the crack tip is determined by the integrated stress along the length of the crack, the greater depth of penetration will increase the impact severity. Secondly, the increased area over which the stresses act will increase the chances of them encountering a critical flaw. The magnitude of this effect is determined by Weibull statistics (see, for instance, Davidge 1979) which shows that for an increase in impacted area from A 1 to A 2 , the impact strength will drop by a factor (
where m is the Weibull modulus, which for the materials of interest in this study is between 2 and 15.
(b ) Increasing the impact velocity The on-axis impact pressure P c is given by equations (2.1) and (2.2). However, the over-driven shock velocity C 1 also increases with the impact velocity (equation (2.7)). This means that the impact stresses increase with a greater than linear dependence on velocity. This helps explain why the variation in ADTV values for zinc sulphide (in § 5 a (iv) (1)) is less than the variation in strength values.
(c ) The effect of flaw size A computer program was written which used the simplified model of liquid impact induced crack growth developed by Hand & Field (1990) . The model uses the theoretical water hammer pressure profile described above, to approximate the shape of the Rayleigh wave pulse and then calculates the dynamic stress intensity factor at a given flaw by considering the stress intensity factor due to a stress pulse of that shape, the quasi-static factor for a surface wave interacting with a crack of that particular length, and a modification factor to allow for the crack velocity. A more detailed description of the model is included in the paper by Hand & Field. This new implementation of the model on a personal computer simulates the impacts from the 0.8 mm diameter MIJA jets used in the above study and determines the extent of crack growth caused by each impact. If an estimate is made of the size a crack would to have to reach to become visible under the microscope, then the MIJA threshold velocity for a given material can be predicted.
This model has been used with some success to simulate the complete threshold velocity curves obtained by MIJA. The ADTVs from these curves are plotted against the experimentally measured values in figure 19 . The agreement is excellent considering that the ADTV value depends on the fracture toughness and critical flaw size used for the material, both difficult to determine accurately. The model predicts a linear dependence of ADTV on fracture toughness for a 0.8 mm jet.
The computer model has been used to predict the ADTV of zinc sulphide as a function of the maximum flaw size and the results are shown in figure 20 (for a fracture toughness of 0.75 MPa m −1/2 ) with the predicted strength σ f of the sample obtained using the fracture criterion for a flaw of size c:
in which K Ic is the fracture toughness and β is a numerical constant of order unity which is determined by the crack geometry. It can be clearly seen that the ADTV curve flattens out as the flaw size increases, while the strength curve continues to drop. The fracture stress of zinc sulphide is 70-100 MPa from table 6, which suggests flaws of 40-100 µm, in which region the graph predicts a threshold velocity of ca. 150 m s −1 that varies only slowly with flaw size. These data explain the correlation between threshold velocity and fracture toughness seen in figure 8 rather than a dependence on fracture stress, since for the typical size of flaw seen in most of these materials (50-100 µm), variations in flaw size will affect the strength but not the ADTV. The graph also suggests that while there is little improvement in ADTV for zinc sulphide with surface finishes over the range of flaw sizes currently obtainable, if a material had flaw sizes far smaller (less than 50 µm) then the ADTV would depend strongly on the exact flaw size. Single crystal sapphire, which typically has flaw sizes of the order of 30 µm, has a similar ADTVflaw size curve to that shown in figure 20 for zinc sulphide. It would, therefore, be expected that there would be some variation in MIJA threshold velocity for that material and this was indeed observed in § 5 a (iv) (2).
The insensitivity of the ADTV to the size of flaw (beyond a certain size) results from the circumferential fracture being initiated by the Rayleigh surface wave. This wave, which is tensile at the surface, decays exponentially with depth and becomes compressive at a depth of ca.
2 5 of its wavelength. For the impact velocities and jet size used in this study, this depth is in the range 200-600 µm (Hand & Field 1990 ). The flaws experience liquid impact stresses which drop off rapidly with depth, thus for long flaws an increase in length will not increase the stress concentration at the crack tip as much as with a static strength test. In such a test, the geometry is usually such that the stress remains constant with depth or varies only slowly (such as in a bend test). The flaw size is therefore usually a more crucial factor in the fracture stress than in the ADTV. This, therefore, explains the high reproducibility of threshold velocity data (compared to strength data) in zinc sulphide which was discussed in § 5 a (iv) (1).
(d ) Effect of compressive stress
It appears that a compressive stress applied to the sample surface has only a small effect on threshold velocity. Recent work using a hydraulic rig attached to the MIJA stage, which puts the impacted surface into tension, has provided data which back up these findings.
Initial testing was conducted on soda-lime float glass. Tensile stresses were applied to the impacted surface ranging from 30-60 MPa. The ADTV was obtained for each pressure. The 60 MPa static tensile level only reduced the ADTV by 40 m s −1 which was surprisingly low considering that this is over 50% of the fracture stress for the material. The result is partly explained by the nonlinear increase of pressure with impact velocity, but the full reason why the effect of a superimposed static stress is small is not at present clear. It is hoped that this experiment will be conducted on other materials. However, the number of samples required is high and, therefore, the cost may be prohibitive.
(e ) Effect of coatings
Since it is known that the Rayleigh wave stress acting on the flaw drops off rapidly with depth, a thin coating should provide considerable protection to the substrate. However, the addition of the coating will have additional affects such as modifying the stress wave structure in the sample and introducing static stresses in the substrate. The data above have shown that for the coatings to be successful they must be strong enough to withstand direct impact, be thick enough to protect the underlying substrate and yet not so thick that the static stresses they induce weaken the substrate to an unacceptable degree. They must also be sufficiently well adhered to withstand the forces acting to make it delaminate (see van der Zwaag & Field 1983b; Hand et al. 1989 ) and be deposited under conditions which do not degrade the substrate material. When optical considerations are added to this list of requirements, it becomes clear that producing an effective erosion resistant coating for these materials is not an easy task.
Conclusions
It has been shown that attempting to increase the ADTV of samples by improving the surface finish can only have limited benefits, and a particularly high quality surface finish is often difficult to maintain in the field (especially for relatively soft substrates such as zinc sulphide). This does not, however, mean that the ADTV is independent of surface finish. If the sample surface quality is particularly poor (as with the sapphire domes in § 5 a (iv) (2)) then the ADTV will certainly be reduced. This is particularly true for samples with surface features that can be attacked by lateral jetting. Compressively stressing the sample surface can improve the ADTV, but the compression needs to be deep enough to enclose the largest flaws. The problem of catastrophic failure if the compression is too high and too deep (and hence the resultant bulk tension too great) must also be considered.
Both the sand and rain erosion studies have shown how difficult it is to create a coating which adequately protects the substrate from the effects of high-velocity erosion. However, two coating systems that have shown promise in this study are boron phosphide and CVD diamond, both of which can provide considerable improvements in ADTV. It is particularly interesting that the diamond coated sapphire sample tested in § 5 a (iii) gave an ADTV higher than either of the two component materials. The fact that the sapphire ADTV has been improved can be explained by the protection of the coating (and the compressive stress that the coating produces). The CVD diamond coating's survival at impact velocities higher than the ADTV of the bulk material (less than 500 m s −1 ) may be due to the fact that as the thickness of bulk diamond increases, the grain size increases and the material strength decreases. The coating has the dual advantages of being fine grained and strong and yet well acoustically backed to the sapphire substrate and, therefore, not as susceptible to stress wave reflections as a very thin unsupported diamond sample.
If a dome is being flown at a velocity below the threshold value for the majority of the drops that it encounters, there is always the chance of impacting either a large drop, or a distorted drop that can behave as a large drop, which will cause damage. It is therefore important, as with the toughened samples, that the ADTV is not increased at the cost of having a catastrophic failure if that threshold velocity is ever exceeded.
The dependence of the performance of the boron phosphide coating on its thickness is clearly complex and varies from material to material. With germanium, the damage appears to initiate in the substrate at all velocities on the threshold curve. In contrast, with zinc sulphide as the substrate, the damage initiates in the coating at high velocities and in the substrate at low velocities. In both cases there is an optimum thickness which may be due to the balance between coating protection and coatinginduced tensile stresses discussed above.
The maximum protection that BP can offer appears to be ca. 250-270 m s −1 so a bulk diamond window should be a better solution for 8-12 µm applications. However, the diamond results show that even if a material with attractive mechanical properties is selected it is not straight-forward producing an erosion resistant sample. For instance, the diamond-zinc sulphide composites in § 5 a (i) had very good macroscopic properties but the liquid impact searched out the weak point in the structure (the pronounced diamond particles) and they did not, initially, produce ADTVs as high as expected.
Even when the diamond rain erosion resistance has been optimized it is unlikely that the ADTV will reach the maximum velocities at which it will be carried on an aircraft and will not even approach the velocities of the fastest missiles. The erosion of infrared transparent materials will remain a problem for some time.
